The CDPK superfamily consists of six types of protein kinases, which differ in the egulatory domains they contain. CDPKs (calcium-dependent protein kinases or calmodulin-like domain protein kinases) are activated by the binding of calcium to their calmodulin-like regulatory domains. The carboxyl terminal domains of CRKs (CDPK-related kinases) have sequence similarity to the regulatory domains of CDPKs, but do not bind calcium. PPCKs (PEP carboxylase kinases) contain only a catalytic domain. PRKs (PPCK-related kinases) have a carboxyl-terminal domain that has no similarity to that of any other member of the superfamily. CCaMKs (calcium and calmodulin regulated kinases) bind both calcium ions and the calcium/calmodulin complex, whereas CaMKs (calmodulin-dependent protein kinases) bind the calcium/ calmodulin complex, but not calcium. Phylogenetic trees constructed from amino acid sequences of catalytic or regulatory domains show that CDPKs and CRKs are closely related and might share a common ancestor. Plant CCaMKs and CaMK form a group more closely related to protozoan, than to plant, CDPKs. Intron analysis of the 42 CDPK, CRK, PPCK, and PRK genes from Arabidopsis supports the structure of the gene trees, the possibility that PPCKs/PRKs belong to the CDPK superfamily, and suggests that several introns have been added during evolution of the family.
Introduction
Plants contain a large number of genes that encode protein kinases related to CDPKs (Fig. 1) . CDPKs (calcium-dependent protein kinases; gene name CPK) are found in vascular and nonvascular plants, green algae, and certain protozoa (ciliates and apicomplexans). These enzymes contain four domains, which, listed in order from the amino to the carboxyl terminus, are: an amino terminal domain of variable length and sequence; a protein kinase catalytic domain; an autoinhibitory junction domain; and a calmodulin-like calcium-binding domain. Many of these kinases contain N-terminal myristoylation sites, and myrystoylation and association with membranes of several CDPKs has been demonstrated (Ellard-Ivey et al. , 1999; Martin & Busconi, 2000) . Activity of CDPKs is regulated by calcium ions, and these kinases are thought to function in signal transduction pathways that utilize changes in cellular Ca 2 + concentration to couple cellular responses to extracellular stimuli. In Arabidopsis, CDPKs are encoded by a gene family containing 34 members. The structure and function of CDPKs have been the subject of recent reviews (Harmon et al. , 2000; Hrabak, 2000) . Additional information on members of the CDPK superfamily from Arabidopsis may be found at the PlantsP Web Site (http://plantsp.sdsc.edu).
In addition to CDPKs, Arabidopsis and other angiosperms contain a related family of protein kinases called CRKs for CDPK-r elated k inases. These kinases have catalytic domains that are related in sequence to those of CDPKs, but their carboxyl terminal domains contain apparently degenerate calcium-binding sites. Examples of CRKs from Arabidopsis and maize do not bind calcium and are not regulated by calcium (Lindzen & Choi, 1995; Furumoto et al. , 1996) . It is not known if their junction domains function as autoinhibitory domains, nor how their activities are regulated in vivo .
PPCKs phosphorylate and regulate the activity of PEP carboxylase, an enzyme important in C 4 metabolism. The role of these kinases in C 3 plants has not yet been identified. PPCKs contain only amino-terminal and catalytic domains. Their activity is regulated at the level of transcription, which is subject to diurnal variation ( Jiao et al. , 1991; Hartwell et al. , 1999; Nimmo, 2000; Taybi et al. , 2000) . The PPCK-related kinases, PRKs, have catalytic domains that are closely related to those of PPCKs, but unlike PPCKs they have carboxyl terminal domains. These domains have no similarity to any other members of the CDPK superfamily.
CaMKs are calmodulin-dependent protein k inases and their activities depend (at least initially) on calmodulin in the form of a calcium/calmodulin complex. These enzymes contain a catalytic domain, a domain that has the dual functions of autoinhibition and calmodulin-binding, and a carboxylterminal domain that is involved in protein-protein interactions. A large family of these enzymes is known in animals and yeast, but there is only one example reported for a plant (apple) ( Watillon et al. , 1995) .
The final members of the CDPK family are the CCaMKs, which contain a catalytic domain, autoinhibitory domain, and a calcium-binding domain that is similar to visinin. These enzymes are subject to complex regulation by both calcium ions and the calcium/calmodulin complex. CCaMKs have been found in lily and tobacco (Patil et al. , 1995; Liu et al. , 1998) , but to date none have been reported by the Arabidopsis genome sequencing project (99% complete).
To examine possible evolutionary relationships between members of the CDPK superfamily, we constructed protein sequence trees for Superfamily members from all species. To complement this analysis, the exon/intron patterns of all 42 
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Fig. 2 ( opposite ) Neighbour-joining tree based on catalytic domains. The amino acid sequences of the catalytic domains of calcium dependent protein kinases (CDPKs), CDPK-related-kinases (CRKs), calcium and calmodulin regulated kinases (CCaMKs), PEP carboxylase kinases (PPCKs), PPCK(PEP carboxylase kinases)-related kinases (PRKs), calmodulin-dependent protein kinases (CaMKs), and SNF-1 kinases were analysed as described in Methods. The sequence names include the gene name or common name followed by the NCBI Geninfo database number (GI number), or Arabidopsis systematic number (e.g. at5g04870). The major branches of plant CDPKs were assigned arbitrary group numbers. Arabidopsis sequences are shown in green.
members of the CDPK superfamily from Arabidopsis were compared.
Materials and Methods

Cloning of AtCPK cDNAs
AtCPK cDNAs were amplified by RT PCR from RNA isolated from Arabidopsis WS roots, shoots, or seedlings. Sense primers contained a restriction site ( Sal I or Xho 1) followed by the first 29 nucleotides of the open reading frame. The antisense primers contained a restriction site ( Spe I or Avr I) followed by nucleotides complementary to the last 29 nucleotides of the open reading frame. The cloning vector was a yeast/bacteria shuttle vector (YX-GFP JH1), which adds the coding sequences for GFP and a 6His tag at the 3 ′ end of the inserted CPK cDNA.
Construction of trees
Sequences of CDPK family members from all species in the viridiplantae were retrieved from the GenBank database and subjected to phylogenetic analysis. In cases where the GenBank sequences contained errors predicted from comparison with known CDPK sequences, hand-corrected sequences were used. Most errors occurred due to incorrect intron splice site predictions. Sequences of Arabidopsis isoforms were also obtained from The Institute for Genomic Research (ftp://ftp.tigr.org/pub/ data/a_thaliana/ath1/PUBLICATION_RELEASE/) and the Munich Information Center for Protein Sequences (ftp:// ftp.mips.biochem.mpg.de/pub/cress/). Protein trees were constructed using the Neighbour-Joining method as implemented in the ClustalW (Thompson et al. , 1994) program. Alignments were constructed by a combination of automatic and manual procedures; briefly, sequences, omitting the most divergent, were initially aligned with ClustalW. This alignment was used to construct an Evolutionary Profile (Gribskov & Veretnik, 1996) . The sequences were then aligned to the profile to construct the multiple alignment. Finally this alignment was hand edited to correct errors. Trees were constructed after eliminating divergent regions with unreliable local alignments from the overall alignments. Gaps were included and the ClustalW adjustment for multiple mutations was used. Bootstrap analysis was performed using 1000 iterations of tree building.
Intron pattern analysis
Introns in genes were identified by comparison of mRNA and genomic sequences for Arabidopsis CPKs 1-12, 15, 16, 21;
CRKs 1 and 5; and PEPCK1; and for Plasmodium falciparum CPK1. The intron patterns for CPKs 13, 14, 17-20, and 22-34 were predicted by inspection of genomic sequences for introns having the flanking sequence, 5 ′ gt … ag 3 ′ , and by using the predicted amino acid sequences as a guide.
Results and Discussion
Sequences of CDPK family members from all species, including 34 CDPKs, eight CRKs, two PPCKs, and two PRKs from Arabidopsis, were retrieved from the GenBank database and subjected to sequence similarity analysis. The unrooted tree that resulted from analysis of catalytic domains is shown in Fig. 2 . Representative animal and fungal protein kinases were included in the analysis so that similarities of CDPK subfamilies these groups could be determined. Previous analysis of protein kinase sequences indicated that CDPKs belong to the CAMK group, which includes animal and yeast calmodulin-dependent protein kinases, SNF1-related kinases and AMP-dependent protein kinase (Hanks & Hunter, 1995) . The SNF-1 kinases, including two from Arabidopsis, and the nonplant CaMKs clustered together, indicating that these kinase groups are distinct. The single available example of a plant CaMK, mdccamk from apple, was located with the CCaMKs. Plant CDPKs and CRKs clustered on the other end of the tree, suggesting that they may share a common evolutionary origin. While the CPKs can be divided into four subgroups based on their positions on the tree, there are no remarkable features or sequence differences that distinguish the groups from each other. Only a few CDPKs have been characterized in detail, so it remains to be determined whether there are any functional differences between the subgroups.
The PPCKs and PRKs clustered together between CCaMKs and the CPKs/CRKs. The inclusion of PPCKs in the analysis caused a shift in the positions of groups II and III of CDPKs relative to the tree shown in Harmon et al . (2000) . The reason for this change is due to the presence of insertions in the PEPCK sequences, and the exclusion of areas containing insertions in the analysis.
A second tree was constructed from the analysis of C-terminal domains of CDPKs, CRKs, and CCaMKs (Fig. 3) . This tree differs from the one based on catalytic domains in the relative positioning of the protozoan CDPKs, which are not as tightly clustered, and CCaMKs relative to CRKs and group IV CDPKs. This change in positions reflects the lack of EF-hand motifs in CRKs and the fact that the C-terminal domains of CCaMKs are more similar to visinin than to calmodulin. The CPKs generally fall into the same groups as in Fig. 2 , but are less tightly clustered. Fig. 3 ( opposite ) Neighbour-joining tree based on c-terminal domains. The amino acid sequences of the C-terminal domains of calcium dependent protein kinases (CDPKs), CDPK-related-kinases (CRKs), and calcium and calmodulin regulated kinases (CCaMKs) were analysed as described in Methods. The sequence names include the gene name or common name followed by the NCBI Geninfo database number (GI number), or Arabidopsis systematic number (e.g. at5g04870) The major branches of plant CDPKs were given the same Group number as in Fig. 2 . Arabidopsis sequences are shown in green. Note that due to the considerably greater divergence between the calmodulin-like domains, that this tree is less reliable the that for the catalytic domain.
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The intron patterns for 34 CDPKs, eight CRKs, two PPCKs, and two PRKs from Arabidopsis were determined from experimental data or by prediction. The sizes of the introns varied greatly (Fig. 4) but there was conservation in their locations (Fig. 5 ). Introns were found at each of the seven locations shown as black triangles in Fig. 5 in more than half of the 46 genes. Three of these introns were phase 0 (i.e. the intron was inserted between two complete codons), three were phase 1 (inserted after the first nucleotide of a codon), and one was phase 2 (inserted after the second nucleotide of a codon). Four , and PEPCK Genes. Exons (boxes) and introns (lines) were determined from comparison of mRNA and genomic sequences, or predicted (*) from genomic sequences. CPK genes are named by their gene numbers. Sequences are ordered according to the groups determined from the phylogenetic trees. The beginning of each catalytic domain is aligned, so that variation in the lengths of amino-terminal domains is easily seen. Protein coding regions are: open boxes, variable amino-terminal domain; narrow bars coloured maroon to purple; the 12 conserved subdomains of protein kinase catalytic domains; blue box, autoinhibitory domain; bars shaded in yellow to orange, the four EF-hands of the calmodulin-like domain. Some of these EF-hands may be nonfunctional due to sequence differences. The putative autoinhibitory domain and the degenerate EF hands of CRKs are shown in lighter shades of blue, yellow and orange. The question mark at the end CPK7 indicates that full-length genomic sequence is unavailable. The sequence for CPK25 ends after the second EF hand.
of the conserved intron positions were located between regions coding for functional motifs, but one interrupted subdomain XI of the catalytic domain and two others interrupted EF hands 3 and 4, respectively. The only position at which an intron was found in every gene was the one that interrupts subdomain XI.
The number of introns in Groups I-III varied from five to eight, and one typical intron pattern dominated in each group. The Group IV CPKs and CRKs have 11 and 10 introns, respectively. For 10 of these introns, the positions and phases (seven phase 0, two phase 1, and one phase 2) were identical. The positions and phases of four introns were identical to ones in the Group I-III CPKs. These observations support the idea that genes within a given subgroup have a common origin.
The similarities in sequence and intron patterns of the CPKs in Groups I-III suggest they proliferated by gene duplication. This idea is also supported by occurrence of four highly related CPKs (CPKs 21, 23, 27, and 31 in Group II) in a cluster on Chromosome IV. The differences in sequences and intron patterns between the Group IV/CRK genes and those in Groups I-III, suggests that these two groups may have had different origins. The similarity of the Group IV CPKs and CRKs raises the possibility that CRKs may have derived from the Group IV CPKs.
PPCKs have only one intron, and its phase and location near the end of the subdomain XI are identical to those for the other genes. PRKs have introns at two positions conserved in other family members. Introns are not found at these locations in any of the 41 SNF-1 related kinases (SNRKs) from Arabidopsis (data not shown), and this supports the idea that PPCKs are more closely related to the CPK family than the SNRKs.
The similar pattern of intron insertion in regions encoding subdomains within the catalytic and CaM-like domains, of Group I-III CPKs supports the 'intron-early' hypothesis (Gilbert, 1978) , which states that introns are the descendents of spacers between ancestral minigenes. The presence of an intron at the junction domain/CLD border in all CPKs, except 12 and 14, supports the idea that CDPKs may have arisen by the fusion of a kinase gene and a CaM-like protein gene. However, several observations support the 'intron-late' hypothesis (Cavalier-Smith, 1991): introns vary in length at all positions; introns occur at several sites in addition to the basic pattern; introns disrupt conserved catalytic subdomains and EF hands; and many phase 1 and 2 introns are present. These observations suggest these introns may have been added after the ancestral gene was formed. Similar findings resulted from the analysis of 135 Arabidopsis P450 genes (Paquette et al. , 2000) .
The sequences of the N-terminal regions are highly variable despite being encoded by the same exon that bears a large part of the conserved catalytic domain. The function of this region of the protein has not yet been determined. It is possible that its function may differ between isoforms and that the mutation rate in the coding sequence may be greater due to a lack of evolutionary pressure to maintain it.
